Thermal stability and effect of heat treatment on electronic structure and microhardness of electrodeposited Co−W alloy coatings using gluconate bath was characterized by DSC and
INTRODUCTION
In recent years, nanocrystalline Co alloys have attracted much attention due to their magnetic, mechanical, corrosion and wear resistant properties and thermal stability. 1−9 They have also been used in aerospace and autobody components production as anticorrosive protectors.
Among Co alloy materials, Co−W alloys have attracted much attention due to their exceptional hardness, wear resistant and corrosion resistant behaviour. 5−8 Moreover, Co−W alloy deposits have been identified as one of the promising replacements for the conventional hard chromium deposits which are formed in an environmentally hazardous process based on hexavalent chromium. 5−7 It has been observed that codeposition of hard material such as W with Co could enhance the thermal stability, electrochemical and mechanical properties of Co−W alloy coatings.
It is very well documented in the literature that heat treatment influences the structure, composition and the properties of alloys. Heat treatment in the electrodeposited Co−W and Co−W−P alloys enhances the corrosion resistance and this enhancement is attributed to the formation of stoichiometric compounds, surface oxides and the precipitation of stable phases in the microcracks. 10−12 Recently, we have studied the structure and morphology of heat treated Co−W coatings prepared by gluconate bath and found that there is no change in the structure till 500 °C and a remarkable change for the coating heat treated at 800 °C. 13 This has led us to study systematically for the understanding of such behaviour of this system. In the present work, we report details of thermal stability, systematic research on electronic structure, elemental oxidation states, their relative concentrations and microhardness of Co−W alloy coatings after heat treatment at different temperatures using DSC and XPS techniques. Increase in microhardness in heat treated coatings is substantiated by XPS results. 3 It has also been found that heat treated Co−W alloy coatings show comparable microhardness of hard chromium coatings. 
EXPERIMENTAL METHODS

RESULTS AND DISCUSSION
Chemical composition, structural and morphological studies
Effects of heat treatment on chemical composition, structure and morphology of Co−W coatings are discussed in details in our previous paper. 13 In brief, EDXS analysis demonstrates an increase in tungsten content in alloy coatings after heating at 600 and 800 ºC and W concentration is in the range of 46−59 wt.% in as-deposited and heat treated coatings.
XRD patterns indicate the presence of amorphous structure in as-deposited coating and the coatings heated up to 500 °C, whereas Co 3 W phase could be observed in the coatings heat treated at 600 and 800 °C. Electrodeposited Co−W coating consists of spherical and smooth bright nodules on its surface and is crack-free as seen from FESEM image, but cracks could be observed in the coatings heat treated at higher temperatures.
Thermal stability studies
It is well known that the metastable alloys, which are thermodynamically unstable, undergo phase transformation to become completely stable crystalline phase. DSC is a very useful tool to study the phase transformation behaviour of such metastable alloys. The DSC thermogram 6 of Co−W deposits, recorded over a temperature range of 100 to 575 °C at a scan rate of 20 °C min −1 is shown in Figure 1 . The presence of exothermic peaks suggests the occurrence of phase transformation. The peak temperatures and the corresponding enthalpy (∆H) values are compiled in Table I . From the figure it is evident that the deposit displays two exothermic peaks at 159 and 335 °C and the corresponding enthalpy values are −11.5 and −5.
respectively. Deposit has also exhibited the presence of one endothermic peak at 493 °C with an enthalpy value of 49.8 J g −1 . From the figure it is evident that the two exothermic peaks present are very shallow and are not very prominent. The presence of these exothermic peaks could be attributed to the structural relaxation such as annihilation of point defects and dislocations within the grains and grain boundary zones. In this sense, the increase in the crack density at higher heat treatment temperatures observed from our FESEM studies 13 is well augmented by the shallow exothermic peaks obtained in the DSC curve and this increased crack density is due to the internal movements in the Co−W deposits upon heat treatment. It has also been observed that by varying the scan rate there is no significant change in the intensity of exothermic peaks. On the other hand, there is an appreciable change in the endothermic peak intensity at higher scan rates. From this it is evident that the crystalline transformation is not significant in the electrodeposited Co−W alloy in the temperature range up to 500 °C. Similar observation has been noticed in the XRD patterns obtained for these deposits annealed until 500 °C. 13 The endothermic peak observed in all the four coatings might have formed due to increased disorderliness in the coating at this temperature. Increase in disorderliness actually means the increase in entropy of a system.
Thermodynamics proves that the increase in disorderliness (entropy) of a system is accompanied by heat intake by the system which conforms to the appearance of the endothermic peak. 7 Chen et al. 15 and Singh et al. 16 have reported that there is a possibility of glass formation and melting point depression of electrodeposited Co−W alloy coatings. Chen et al. 15 have noticed that the strong interaction with atoms of different atomic sizes which constitutes the eutectic composition produces a large melting point depression. Singh et. al. 16 have calculated the glass forming range to be 40−70 at.% W from the size difference rule, whereas the experimental results indicate the glass forming ability (GFA) of Co−W alloys at 20 at.% W. Therefore, it could be suggested that the electrodeposited Co−W coatings might have a very low melting point like 500 °C as seen from the DSC curves. Fedosyuk et al.
observed low crystallization temperature of around 400 °C for Co−W coatings with low tungsten content obtained from citrate baths. 17 The authors in their study also found that this crystallization temperature increased with increasing W concentration (for 28 at.% W), crystallization started at approximately 450 °C). Thus, coatings obtained from gluconate bath in this study are stable up to 500 °C.
XPS studies
To get the clear idea about effect of heat treatment on the electronic structure of Co−W alloys, XPS studies of as-deposited and heat-treated coatings have been carried out. We have done XPS of samples heated at 600 and 800 °C as there is no significant change in the XRD patterns of coatings heated up to 500 °C. 13 XPS of Co2p core level region in as-deposited Co−W alloy coating and the same after heat treatment at 600 and 800 °C could be deconvoluted into sets of spin-orbit doublets along with associated satellite (S) peaks.
Deconvoluted core level spectrum of Co2p in as-deposited Co−W coating and the same coating after heat treatment at 800 °C is shown in Figure 2 . Accordingly, in the as-deposited Table II .
Relative intensities in the table indicate the decrease in Co metal concentration along with simultaneous increase in Co oxide species when the coating is heat treated at 600 °C, whereas only oxidized Co species is present in the core level spectrum of the coating heated at 800 °C.
Presence of oxidized Co species in the sample heated at 800 °C could be confirmed from the deconvoluted Co2p spectrum shown in Figure 2 (b). Table III. XPS of O1s core level spectra of as-deposited as well as heat treated coatings could be deconvoluted into several components and are shown in Figure 4 . The as-deposited coating shows main peak at 532.1 eV that corresponds to oxygen associated with hydroxyl (OH − ) group, whereas small peaks at 530.7 and 533.4 eV could represent oxygen corresponding to CoO and H 2 O species associated with the sample, respectively. 23 A small peak above 535 eV corresponds to NaKLL peak coming from Na salt in bath solution taken during electrodeposition. 24 There is a marginal change in relative intensities of several oxygen components after heat treatment. Table IV .
Microhardness studies
Microhardness measurements were carried out with the surface of the as-deposited and heat treated Co−W deposits and the values are given in Table V . Co−W alloy exhibits a hardness value of 486 ± 20 HK in as-deposited condition. The hardness obtained is higher than electrodeposited Co (~300 HK) and the value agrees well with the values in literature. 5 A marginal increase in hardness could be seen for the deposit annealed at 160 °C and approximately 45% increase in the hardness value could be noticed for the deposit annealed at 350 °C. Deposit annealed at 500 °C exhibits more than 100% increase in hardness value.
Very high hardness value in comparison with as-deposited sample is obtained when deposit is heated at 600 °C. Variation of microhardness of Co−W alloy coatings with heat treatment temperatures is shown in Figure 5 . Within this context, increasing trend in hardness in heat treated Co−W coatings is contrary to the behaviour of heat treated hard chromium coatings. It was well documented that hard chromium coatings exhibited very high hardness values of ~1000 HV, 28, 29 but hardness values decreased drastically upon heat treatment. 29 Hardness of conventional chromium coating decreased to 810, 585, 270, 100 HV when it was heated at 11 200, 400, 600 and 800 °C, respectively. 29 Chromium coatings showed a structure dependency of hardness, 30 while high dislocation densities were reported to be the reasons for high hardness. 31, 32 But heat treatment caused the formation of fine equiaxed grain structure, resulting in softening (decrease in hardness) due to recrystallization which was considered to be the main cause for the decrease in hardness of annealed chromium coatings. 32 In present study Again, significant increase in microhardness has been observed when as-deposited coating is heat treated at 160, 350 and 500 °C though there is no structural change up to 500 °C. It could be attributed to changes in structural relaxation such as annihilation of point defects and dislocations within the grains and grain boundary zones as revealed by DSC studies. On the other hand, very high hardness observed in deposits annealed at higher heat treatment temperatures could be reasoned with the formation of Co 3 W phase. Relative surface concentrations evaluated from the XPS studies demonstrate that Co is segregated over the alloy surface in the as-deposited coating and its concentration decreases upon heat treatment at 600 °C (Table IV) . Concentrations of Co and W calculated from XPS of the coating heated at 600 °C could hint the formation of Co 3 W phase over the surface at this temperature.
Further heat treatment at 800 °C slightly increases the surface Co concentration. Again, 67%
of hard material W species is in alloyed form in the coating heat treated at 600 °C (Table III) that could be the one of the reasons for high hardness at this temperature. However, hardness values measured in Co−W coatings heat treated at 500 and 600 °C could be comparable with as-deposited conventional hard chromium coatings.
CONCLUSIONS
Low temperature region exothermic peaks in DSC curve of Co−W alloy coating are related to internal movement in the coating, whereas increased disorderliness and possible melting lead 
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